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Abstract
Materials in particulate form have been the subjects of intensive research in view of their use as
drug delivery systems. While within this application there are still issues to be addressed, these
systems are now being regarded as having a great potential for tissue engineering applications.
Bone repair is a very demanding task, due to the specific characteristics of skeletal tissues, and the
design of scaffolds for bone tissue engineering presents several difficulties. Materials in particulate
form are now seen as a means of achieving higher control over parameters such as porosity, pore
size, surface area and the mechanical properties of the scaffold. These materials also have the
potential to incorporate biologically active molecules for release and to serve as carriers for cells. It
is believed that the combination of these features would create a more efficient approach towards
regeneration. This review focuses on the application of materials in particulate form for bone tissue
engineering. A brief overview of bone biology and the healing process is also provided in order to
place the application in its broader context. An original compilation of molecules with a documented
role in bone tissue biology is listed, as they have the potential to be used in bone tissue engineering
strategies. To sum up this review, examples of works addressing the above aspects are presented.
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1. Materials in particulate form and
bone tissue engineering (TE)
Regarding materials for use in bone TE, several
approaches have been shown to be effective in stimulating
bone regeneration, and ceramics especially excel in this
regard(Degroot, 1993; Hench, 1998; Ducheyne and Qiu,
1999). Notwithstanding the stimulatory effect of bioactive
ceramics on bone tissue formation, there is a continuous
need to explore avenues in which materials, cells and bio-
logically active molecules are combined. This is critical,
since cells and growth factors are the two key elements
when discussing bone biology/healing, their interaction
*Correspondence to: G. A. Silva, Department of Polymer
Engineering, University of Minho, Campus de Azure´m, 4800-
058 Guimara˜es, Portugal. E-mail: gsilva@dep.uminho.pt
being fundamental for an effective regeneration process.
Although continuous progress is being made in under-
standing osseous healing process, these new insights have
not readily found their way into effective TE approaches.
The combination of materials, cells and growth factors
seems to be the recipe for a truly effective bone TE strat-
egy. Therefore, the present review focuses on the role that
particle-based systems can play in bone TE, emphasizing
the combination of materials with cells and their role as
carriers for biologically active molecules.
2. Requirements for an effective bone
TE strategy
The skeletal system has been described as a dynamic,
mineralized, vascular tree that serves as a metabolic
Copyright  2007 John Wiley & Sons, Ltd.
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reservoir of calcium as well as a structural scaffold for
neurovascular distribution andmuscular function(Roberts
and Hartsfield, 2004). Important properties that are part
of the skeletal system (Canalis, 1983; Hauschka, 1990;
Tenembaum, 1990; Yaszemski et al., 1996; Roberts and
Hartsfield, 2004) are:
• It is the reservoir of calcium in the body, containing
99% of the body’s calcium.
• Its homeostasis is regulated to a large degree by
systemic influences expressed through the endocrine
system, but also controlled at the local level.
• Its structural function derives from its nature as
mineralized tissue.
• It is an anisotropic material (the mechanical properties
vary according to the direction).
• Its physiological efficiency is evidenced by maximal
strength with minimal mass.
• It has a relative high turnover (remodelling) rate in
young individuals.
The ultimate goal of bone TE is to recapitulate the
structure and function of the native tissue it is designed to
replace (Schneider et al., 2003). Therefore, the following
principles apply to scaffolds for bone tissue engineering:
1. Bone TE scaffolds require not only a material
with adequate composition, but also mechanical
stability, precise shapes and tailored pore distribution
(Gross and Rodriguez-Lorenzo, 2004; Rodr´ıguez-
Lorenzo and Ferreira, 2004). Osseous tissue is
an exquisitely structured composite material: it is
composed of organic and inorganic components
and also contains water. The inorganic component
is apatitic calcium phosphate, which comprises
60–70% of the bone dry weight. The organic
component contains materials such as collagen,
extracellular matrix proteins (osteocalcin, osteonectin,
bone sialoprotein), tissue-specific cells and water (Jain
and Panchagnula, 2000). Having this in mind is crucial
for the design and fabrication of an adequate scaffold.
The adult skeleton consists of cortical (or compact)
and trabecular (or cancellous, spongy) bone, which
are present in various ratios and geometries to form
the individual bones of the body (Buckwalter et al.,
1996; Mundy, 2000; Davies, 2003). Both cortical
and trabecular bone tissue types are essential for the
ability of skeleton to provide structural support that
can simultaneously withstanding torsion and bending.
A minimum pore size is required for tissue growth,
interconnectivity for access to nutrients and transport
of waste products, pore shape and roughness for better
cell spreading and pore throat size for passage of
tissue throughout the scaffold (Ranucci and Moghe,
1999; Zeltinger et al., 2001; Gross and Rodriguez-
Lorenzo, 2004). The lack of adequate porosity can
lead to failure, as inner areas of the scaffold will lack
adequate nutrient and oxaemic conditions to allow
cells to populate those areas (Gross and Rodriguez-
Lorenzo, 2004).
2. The material should act as a permissive environment
into which bone cells would be enticed to migrate
and begin the process of depositing bone matrix in
the carrier template (Li and Wozney, 2001). Bone,
being a mineralized tissue that is incapable of internal
expansion or contraction, can only be remodelled
along the surface via anabolic and catabolic modelling
(Roberts et al., 2004). Bone is resorbed by osteoclasts
and formed by osteoblasts, and the coupling of these
two processes underlies bone remodelling. Figure 1
depicts the bone healing process, which the repair
using scaffold materials attempts to mimic. Briefly,
upon fracture and formation of a blood clot, the
fibroblast layer of the periosteum begins a period of
active division in order to generate enough cells to
close the gap at the surface. In the central zone of the
bone, haematopoietic precursors in the bone marrow
differentiate into osteoclasts that start the process of
resorbing the end bone of the defect, andmesenchymal
cells within the bone marrow are stimulated to migrate
to the healing site. These cells originate chondrogenic
cells that produce an intermediate cartilaginous matrix
that mineralizes. This cartilaginous phase is then
replaced by new bone synthesized by osteoblasts.
This newly formed bone is the so-called ‘woven
bone’, which possesses an unorganized structure
and still needs to be remodelled by the normal
osteoclast–osteoblast process (Davies, 2003; this
scheme does not incorporate the vascularization
process). To be successful, a scaffold material must
be capable of allowing a similar process to occur.
Ideally, the scaffold would degrade at a similar rate to
that at which the tissue is healing, and the new tissue
would fully replace the space once occupied by the
scaffold.
3. A system designed for bone repair would ideally com-
bine osteoconductive and osteoinductive properties,
in a way that new bone formation can be enhanced
through an adequately shaped three-dimensional (3D)
scaffold (osteoconduction) and by a biological stimulus
(osteoinduction) (Luginbuehl et al., 2004). Ceramic
materials, due to their inorganic nature and ionic com-
position, are adequate for bone applications. Examples
of ceramic materials are calcium phosphates, such
as hydroxyapatite, tricalcium phosphate and bioactive
glasses, known for their ability to bond to and stimu-
late bone regeneration (Ripamonti, 1991, 1996; Klein
et al., 1994; Ducheyne and Qiu, 1999; Yuan et al.,
2001). From these, bioactive glass has been shown to
stimulate osteogenesis (Jun Yao, 2005; Radin, 2005)
via surface-mediated and solution-mediated mecha-
nisms (Radin et al., 1997). Other materials besides
bioactive glasses have been extensively used, such as
β-tricalcium phosphate (TCP) (Zerbo et al., 2005) and
hydroxyapatite (Paul and Sharma, 1999; Sari et al.,
2003), but there are also some reports of the use
of composite materials (ceramic–polymer) (Shikinami
and Okuno, 1999). Composite ceramic–polymer mate-
rials have the advantages of combining bioactivity,
Copyright  2007 John Wiley & Sons, Ltd. J Tissue Eng Regen Med 2007; 1: 97–109.
DOI: 10.1002/term
Materials in particulate form for tissue engineering. 2. 99
Figure 1. Healing process of bone, depicted in a simplified diagram. After the defect and formation of a blood clot, haematopoietic
precursors (H) in the bone marrow differentiate into osteoclasts (OC), which start the process of resorbing the end bone of the
defect. Mesenchymal cells (MSCs) within the bone marrow are stimulated to migrate to the healing site. These cells originate
chondrogenic cells (CB), which produce an intermediate cartilaginous matrix that progressively mineralizes. This cartilaginous
phase is then replaced by new bone synthesized by osteoblasts (OB). Not depicted is the role of vascularization. Based on Simmons
and Grynpas (1990) and Rydziel et al. (1994)
ability of adequate control of the scaffold degradation
rate, and enhancement of the mechanical properties
and structural integrity of scaffolds (Day et al., 2004).
4. Some biologically active molecules act locally and
therefore must be delivered directly to the site of
regeneration via a carrier matrix (Li and Wozney,
2001). The system should be able not only to
provide structural support but also to serve as carrier
for biologically active agents that can enhance the
regenerating potential of the system. These agents can
be of different natures, as listed in Table 1. Since the
identification of bone morphogenetic proteins (BMPs)
by Urist (1965), several other growth factors, as well
as hormones and other biologically active agents, have
been identified as acting in bone, and have recently
been of interest for bone tissue engineering strategies.
Two groups of molecules (growth factors and steroids)
with well-documented effects over bone, and considered
relevant to the field of bone tissue engineering, are
described below.
Copyright  2007 John Wiley & Sons, Ltd. J Tissue Eng Regen Med 2007; 1: 97–109.
DOI: 10.1002/term
100 G. A. Silva et al.
2.1. Growth factors
Among all available growth factors, PDGF, IGF, VEGF,
TGFβ and BMPs appear to have the closest association
with bone regeneration. PDGF plays an important role
in inducing the proliferation of undifferentiated cells in
mesenchymal tissues. It can enhance bone regeneration
in conjunction with other growth factors, viz. IGF, TGFβ
or BMP, but is unlikely to provide entirely osteogenic
properties itself (Schliephake, 2002). IGFs have an
important role in general growth and maintenance of
the body skeleton, and appear to integrate and extend the
effects of both BMPs and TGFβs (McCarthy et al., 2000).
Equally important is VEGF, which couples ossification
Table 1. Some molecules and trace elements with a brief description of their role/effect on bone, compiled in the scope of this review
Molecule Role/effect on bone tissue Reference
Bone morphogenetic proteins (BMPs):
BMP-2, BMP-4, BMP-3, BMP-5, BMP-6,
BMP-7(OP-1)
Expressed in bone generation, regeneration,
modelling and remodelling. Stimulate
differentiation of osteoblasts and inhibit
differentiation of muscle cells. Induce
endochondral bone formation in ectopic sites
(Urist, 1965, 1997; Urist et al., 1979; Cheifetz
et al., 1996; Yeh et al., 1997; Wada et al., 1998;
Wozney and Rosen, 1998; Chen et al., 2001;
Reddi, 2001)
Epidermal growth factor (EGF) Stimulates chondrocyte proliferation while
decreasing the ability of cells to synthesize
matrix components
(Caplan and Boyan, 1994)
Basic fibroblast growth factor (bFGF) Mitogenic effects on cells from the
mesenchymal lineage. Promotes proliferation
and inhibits differentiation. Involved in fracture
repair
(Pitaru et al., 1993; Caplan and Boyan, 1994;
Lockin et al., 1999; Mundy, 2000)
Insulin-like growth factor (IGF) Enhances osteoblast activity and chemotaxis,
type I collagen production, decreases collagen
degradation, stimulates growth in various cell
types and blocks apoptosis. Induces bone
formation. Enhances VEGF expression in
osteoblasts
(Goad et al., 1996; Mundy, 2000; Meinel et al.,
2001)
Platelet-derived growth factor (PDGF) Potent mitogen and chemotactic factor for cells
of mesenchymal origin. Anabolic action on
bone formation in vivo
(Kim and Valentini, 1997; Hsieh and Graves,
1998; Park et al., 2000)
Transforming growth factor-β (TGFβ) Mitogenic and chemotactic effects; increase in
collagen and extracellular matrix synthesis. New
bone formation. Involved in fracture repair.
May promote osteoclast apoptosis.
Overexpression leads to osteoclast-mediated
resorption. Potent inhibitor of terminal
differentiation of epiphyseal plate chondrocytes
(Marcelli et al., 1990; Centrella et al., 1994;
Erlebacher and Derynck, 1996; Hugues et al.,
1996; Kim and Valentini, 1997; Ripamonti
et al., 1997; Duneas et al., 1998; Lockin et al.,
1999; McCarthy et al., 2000; Mundy, 2000;
Schmidmaier et al., 2003; Kahai et al., 2004;
Li et al., 2005)
Hepatocyte growth factor (HGF) Contributes to fracture repair by upregulating
the expression of BMP receptors
(Imai et al., 2005)
Vascular endothelial growth factor (VEGF) Induces vascularization (Mohle et al., 1996; Vu and Werb, 1998;
Asahara et al., 1999; Gerber et al., 1999)
Calcitonin Secreted by the thyroid gland. Controls the
levels of calcium and phosphorous in the blood.
When administered, inhibits bone resorption by
decreasing the number of osteoclasts and their
resorptive activities. Effectively inhibits the
manifestations of metabolic bone disorders,
such as Paget’s disease and osteoporosis by
frequent and relatively high dosage
(Overgaard and Christiansen, 1991; Lee and
Sinko, 2000; Patton, 2000; Inzerillo et al., 2002)
Melatonin Increased proliferation of osteoblastic cells and
increased procollagen type I c-peptide
production. Augmented gene expression of
sialoprotein and other bone marker proteins,
e.g. alkaline phosphatase and osteocalcin in
bone cells. Modifies bone remodelling after
ovariectomy in close relation with estradiol
(Roth et al., 1999; Ladizesky et al., 2001)
Parathyroid hormone (PTH) In low dose causes increase in bone density and
cancellous/trabecular bone volume without
impairing normal bone architecture and has a
direct effect on recruitment/proliferation of
osteoblasts
(Stewart, 1996; Morley et al., 1997; Watson
et al., 1998; Mohan et al., 2000; Patton, 2000;
Rattanakul et al., 2003; Schneider et al., 2003)
Thyroxin Thyroid hormone which stimulates osteoclastic
bone resorption
(Buckwalter et al., 1996)
Cortisol Influences PTH-responsiveness of bone.
Inhibitor of the stimulatory effect of IGF-I
(Ng and Heersche, 1978; Tam et al., 1979;
Chyun et al., 1984)
Interleukin-6 (IL-6) Stimulates the differentiation of osteoclasts
from haematopoietic precursors
(Ishimi et al., 1990; Migliaccio et al., 1991)
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Table 1. (Continued)
Molecule Role/effect on bone tissue Reference
Interleukin-1 (IL-1) Stimulates the effect of IL-6. Most potent
inducer of bone resorption
(Gowen et al., 1985a, 1985b; Hoffmann et al.,
1987; Hauschka, 1990)
Tumour necrosis factor (TNF) Stimulates the effect of IL-6. Stimulates bone
resorption and suppresses its formation
(Bertolini et al., 1986; Bockman et al., 1987;
Canalis, 1987; Stashenko et al., 1987)
Prostaglandin E2 (pE2) Potentates the effect of IGF-I.
Concentration-dependent actions (regulation of
the expression of other molecules). Increases
expression of BMP-7 (OP-1)
(Chyun and Raisz, 1982, 1984; Dewhirst et al.,
1987; Paralkar et al., 2002)
Interferon-β (IFN-β) Suppresses osteoclastogenesis and bone
resorption
(Nakamura et al., 2005)
Interferon-γ (IFN-γ ) Suppresses bone resorption induced by IL-1 (Nakamura et al., 2005)
Bi-phosphonates Etidronate Considered stable analogues of pyrophosphate, (Ezra and Golomb, 2000; Patton, 2000;
Clodronate a physiological regulator of calcification and Roschger et al., 2001)
Pamidronate bone resorption. Decrease bone
Alendronate resorption/increase bone mass
Ibandronate
Risedronate
Zolendronate
Tiludronate
YH 529
Icadronate
Olpadronate
Neridronate
EB-1053
TRK-300 Decreases the level of tumour necrosis factor
alpha (TNFα) in the bone marrow of rats with
adjuvant arthritis
(Iwase et al., 2002)
Ipriflavone (Isoflavone) Synthetic flavonoid derivative that improves
osteoblast cell activity inhibiting bone
resorption
(Brandi, 1993; Civitelli, 1997; Perugini et al.,
2003)
Anthraquinones Anti-inflammatory and anti-osteoclastic activity (Savarino et al., 2005)
Vitamin D and analogueues Regulates osteoblast differentiation by either
activating or repressing transcription of
numerous bone phenotypic genes. Increases
TGFβ levels
(Brandi, 1993; Drissi et al., 2002)
TAK-778 [(2R,4S)-(−)-N-(4-
diethoxyphosphorylmethyl-phenyl)-1,2,4,5-
tetrahydro-4-methyl-7,8-methylenedioxy-5-
oxo-3-benzothiepin-2-carboxamide]
TAK-778, a benzothiepin derivative, increased
cellular alkaline phosphatase activity, an index
of bone formation, in a culture of rat bone
marrow stromal cells, and enhanced the action
of BMP in mouse osteoblastic cell line MC3T3-E1
(Hoshino et al., 2000)
TP508 (thrombin peptide) Activates angiogenesis-related genes during
femoral fracture healing. Regulates BMP-2 and
-7 expression by human osteoblasts. Enhances
bone formation
(Bi et al., 2001; Wang et al., 2001, 2002;
Li et al., 2003; Sheller et al., 2004)
Indomethacin Found to inhibit osteoclasts and to decrease the
resorptive area
(Adachi et al., 1991)
Corticosteroids (glucocorticoids) Excess generally associated with net bone loss,
due to decrease in bone formation and increase
in bone resorption
(Heersche and Aubin, 1990)
Statins Generally used for inhibiting HMG Co-A
reductase (rate-limiting step in cholesterol
synthesis).
(Mundy, 2000)
Enhance transcription of BMP-2 in bone cells
Oestrogen/testosterone Deficiency results in high turnover of bone
remodelling in which the accelerated bone
resorption and formation simultaneously occur,
but with resorption exceeding formation.
Protective effect on bone tissue mass
(Caplan and Boyan, 1994; Kaye et al., 1997;
Ladizesky et al., 2001; Sikavitsas et al., 2001)
Trace elements
Fluoride Anabolic effects on bone, but has a narrow
toxic-therapeutic window
(Simmons and Grynpas, 1990; Brandi, 1993;
Mundy, 2000)
Strontium Potential increase in bone mass
Aluminium Causes mineralization deficit by inhibiting
hydroxyapatite crystal formation. Interferes
locally with osteoblast maturation
Boron Tin Deficiency causes osteopenia. Intervene in
magnesium metabolism. Interact with calcium
and other ions
Zinc Significant for coupling–uncoupling of the
remodelling process
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and angiogenesis during bone formation (Gerber et al.,
1999; Street et al., 2002). BMPs are thought to have their
major effects on early precursor bone cell replication and
osteoblast commitment. In contrast, TGFβs are thought
to be the most potent inducers of committed bone cell
replication and osteoblast matrix production (McCarthy
et al., 2000).
2.1.1. Bone morphogenetic proteins
Growing interest in the clinical use of BMPs as means
of promoting bone formation has led to extensive
studies on this group of growth factors. In brief,
BMPs are hydrophobic, low molecular weight, dimeric
molecules with two polypeptide chains held together
by a single disulphide bond (Ozkaynak et al., 1990;
Wang et al., 1990; Reddi, 2001). The name stems from
the demonstration of a hydrophobic non-collagenous
glycoprotein that induced mesenchymal-type cells to
differentiate into a spherical ossicle with a medulla
containing haematopoietic bone marrow (Urist et al.,
1979).
This family of secreted growth factors forms a subgroup
of molecules within the transforming growth factor-
β (TGFβ) superfamily. The history of BMP evolved
from observations of allogenic bone matrix-induced
cartilage and bone development in mammalian species.
In embryogenesis, BMPs appear to be omnipresent, being
observed in nearly all developing visceral and somatic
organs (Urist, 1997). At least two distinct pathways
mediate BMP signalling: the Smad pathway and the
mitogen-activated protein kinase (MAPK) pathway (Yoon
and Lyons, 2004).
2.1.2. Platelet-derived growth factor
Effects by platelet-derived growth factors (PDGFs) are
generally limited to situations associated with inflamma-
tion and repair (McCarthy et al., 2000). However, PDGFs
have been shown to be involved in the chemotaxis of
osteoblast precursors to the site of bone regeneration
(Mundy et al., 1982; Hsieh and Graves, 1998). In vitro,
they have been shown to stimulate migration and to
increase the proliferation rate of osteoblasts, reducing
alkaline phosphatase activity and inhibiting bone matrix
formation (Centrella et al., 1989, 1991; Hock and Canalis,
1994).
There are three isoforms, characterized by the com-
bination of A- and B-chains, featuring two homodimeric
(PDGF-AA and PDGF-BB) and one heterodimeric isoform
(PDGF-AB) (Hock and Canalis, 1994; Rydziel et al.,
1994). PDGF-BB and PDGF-AB are systemically circulat-
ing isoforms contained in α-granules of platelets, whence
they are released after adhesion of platelets to injured
sites of vessel walls, whereas PDGF-AA is secreted by
unstimulated cells of the osteoblastic lineage (Canalis
et al., 1992; Rydziel et al., 1994).
The biochemical effects of the different isoforms appear
to be graded according to their binding characteristics
to the surface receptors. In osteoblast-enriched environ-
ments, receptors that favour binding of PDGF-BB chains
preferably mediate these effects (Centrella et al., 1991).
PDGF may thereby contribute to recruitment of bone
cells during remodelling and repair, as it is deposited
in bone matrix, from where it is released during matrix
degradation (Fuiji et al., 1999).
The effectiveness of PDGFs on osteoblasts is rapidly
modulated by inflammatory cytokines, causing changes
in specific PDGF receptors (McCarthy et al., 2000). The
activated receptors lead to activation of the MAPK
cascade, resulting in the transcription of important genes
related to bone formation (Schlessinger, 1993).
2.2. Corticosteroids
Corticosteroids are a class of steroid hormones that are
produced in the adrenal cortex. They are involved in
a wide range of physiological systems, such as stress
response, immune response and regulation of inflamma-
tion, carbohydrate metabolism, protein catabolism, blood
electrolyte levels, and behaviour. This class of molecules
is often used as part of the treatment for a number of
different diseases, such as severe allergies or skin prob-
lems, asthma or arthritis. Within corticosteroids there
are mineralocorticoids and glucocorticoids, and a brief
description of the latter follows.
2.2.1. Glucocorticoids
Glucocorticoids such as cortisol control carbohydrate, fat
and protein metabolism and are anti-inflammatory by
preventing phospholipid release, decreasing eosinophil
action and a number of other mechanisms.
Physiological amounts of glucocorticoid tend to have
permissive effects on osteoblasts (Caplan and Boyan,
1994). However, either when endogenously in excess
or when administered exogenously, glucocorticoids lead
to a dramatic decrease in bone mineral density.
Whereas chronic glucocorticoid exposure suppresses
bone formation and disrupts resorption and the bone
remodelling cycle, major detrimental effects on the
skeleton occur from a decrease in osteoblast replication,
bone matrix protein synthesis, marked decrease in
osteoblast gene transcription and skeletal tissue loss
(McCarthy et al., 2000; Kumar, 2001). Pharmacological
doses of the glucocorticoids cortisol and dexamethasone
directly lower basal IGF-I expression (McCarthy et al.,
1990), and in vitro studies have revealed that high excess
glucocorticoid suppresses the expression of IGF-I and the
type TGFβ receptor (TGFβRI) by osteoblasts, consistent
with decreases in specific aspects of osteoblast function
(McCarthy et al., 2000).
Dexamethasone is a synthetic member of the glucocor-
ticoid class of hormones. It acts as an anti-inflammatory
and immunosuppressant, with potency about 40 times
that of hydrocortisone (Barnes and Adcock, 1993; Almawi
et al., 1998; Saklatvala, 2002). In vitro, dexamethasone
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has been employed as a differentiation agent for bone
marrow cells to progress into the osteoblastic lineage
(Maniatopoulos et al., 1988). Within this last role, strate-
gies employing the incorporation of dexamethasone in
polymeric materials to be used as carriers for the differ-
entiation of cells into the osteoblastic lineage have been
described in the literature (Silva et al., 2005), which con-
fers on dexamethasone a highlighted role in bone TE
approaches.
3. Materials in particulate form:
towards bone TE
In recent years there has been interest on the fabrication
of 3D systems using a microsphere-based approach
for a TE scaffold possessing a porous interconnected
structure (Devin et al., 1996; Botchwey et al., 2001),
with the incorporation of ceramics to control the
mechanical properties of the sintered scaffold (Borden
et al., 2002a, 2002b). This is an extremely interesting
strategy, as it provides a potential to overcome normally
encountered problems associated with porosity of the
scaffold. Additionally, with particle-based systems shaped
as scaffolds, the surface area for more chemical and
biological reactions to take place is greatly increased
(Mushipe et al., 2002).
The formation of 3D scaffolds from materials in
particulate form creates the potential for these systems
to be used either in an acellular strategy (implanting
of the scaffold and colonization of it by surrounding
cells) or combining it with cells in vitro, creating a
hybrid cell–material construct. Simultaneously, these
scaffolds can also be used as delivery systems, having a
multifunctional purpose – support and release of bioactive
agents – enhancing the regenerative potential of the
system.
3.1. Microparticle-based systems in 3D scaffolds
Materials in particulate form in bone applications have
as first examples the filling applications of ceramic
particulate materials. Schepers et al. (1991, 1993) and
Schepers and Ducheyne (1997) described the ability of
bioactive glass particulates within a narrow size range to
act as fillers for bone lesions. When implanted in the jaws
of beagle dogs, the particulates were capable of acting
as nucleation sites for further bone repair, eliciting bone
tissue formation throughout 5 mm defects in the beagle
mandible as soon as 1 month after implantation (Schepers
et al., 1991, 1993; Schepers and Ducheyne, 1997).
However, as cells in the body grow in three dimensions,
anchored onto a network of extracellular matrix, a scaffold
is needed to recreate the 3D environment (Yu et al.,
2004). Classical examples of materials shaped for bone
tissue engineering involve 3D porous structures obtained
by conventional processingmethods that, in an conductive
approach, are implanted at an injury site and allow
progenitor cells from the surrounding tissue to populate
the wound site (Nof and Shea, 2002).
Given that porosity, pore size and interconnectivity are
very important parameters for the success of a bone
TE system, the strategy based on µm-sized particles
for fabrication of 3D scaffolds seems to be promising,
as a means of achieving more control over the above
parameters. So far, the following strategies have been
studied to fabricate scaffolds from materials in particulate
form:
• Combining particulate materials with gels/glues. In
bone reconstruction, the combination of particulate
ceramics and fibrin glue may result in the synergy
of their properties, as the physical properties of the
composite can be enhanced. The initial stability of
the ceramic–fibrin glue composite may be achieved
through its adaptation and adhesion to the walls of
the bone defect. The biological properties might also
be enhanced due to fibrin, which acts positively on
angiogenesis, cell attachment and proliferation (Le
Nihouannen et al., 2006). The problem associated with
this type of approach is the lack of porosity. Although
cell adhesion would be greatly enhanced by fibrin glue,
the penetration of cells into the interior of the scaffold
is limited by this lack of porosity.
• Dispersing microparticles within ceramic phases for
posterior creation of porosity. Other strategies have
focused on dispersing microparticles within ceramic
phases, where the rationale for this is that the
microspheres will initially stabilize the graft but can
then degrade to leave behind macropores on the
calcium phosphate cement (CPC) for colonization by
osteoblasts. The CPC matrix could then be resorbed
and replaced with new bone (Simon et al., 2002).
This relies on the degradation of the microparticles,
which depends greatly on the material from which the
microparticles are produced, as well as the implant
site. It creates difficulties for osteblast colonization,
particularly to the inner areas of the scaffold, as the
particles might not degrade as fast as necessary to
avoid the failure of the implant. An interesting way of
overcoming these problems might be the incorporation,
within the matrix of microparticles, of enzymes that
can degrade them and thus speed the process of pore
formation, as described by other researchers (Martins
et al., 2004a, 2004b).
• Incorporating polymer microspheres with polymeric
scaffolds. This approach permits the incorporation
of growth factor-containing polymeric microspheres
during polymer scaffold fabrication (Meese et al.,
2002). The basic principle of this approach is to
transiently protect the microspheres with a water-
soluble coating that resists the organic solvents
used during scaffold fabrication. The incorporation of
microspheres in scaffolds not only allows the protection
of the growth factor during fabrication of the scaffold,
but also allows the scaffold to provide both structural
support and controlled release properties.
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• Sintering microspheres together. The previous app-
roaches have paved theway for the use ofmicroparticles
as scaffolds. Microparticles can be used to form 3D
scaffolds by utilizing the heating energy of a laser
beam to sinter polymer microparticles, allowing the
fabrication of 3D scaffoldswith a controlled architecture
and a fully interconnected network (Botchwey et al.,
2001; Ciardelli et al., 2004; Yao et al., 2005). By
modifying processing parameters, such as sphere
diameter and heating time, it is possible to tune the
properties of the scaffold. It was found that increased
microsphere diameter resulted in decreased modulus,
as well as a positive correlation between sphere
diameter and pore diameter (Borden et al., 2003).
Heating time modifications showed that compressive
modulus was dependent on the period of heating,
with longer heating times resulting in higher moduli,
while the heating time did not affect the pore structure
(Borden et al., 2003). These scaffolds can be further
tested, not only in static but also in dynamic conditions,
such as those found in bioreactors.
3.2. Microparticle-based systems in hybrid
cell–material constructs
Materials in particulate form have been used for
combination with cells in two main approaches: the
encapsulation of cells for site-specific delivery, or the
combination of scaffolds and cells in hybrid constructs in
in vitro approaches.
Examples of the former include the encapsulation of
specific quantities of cells together with bioactive glass
into alginate beads (Keshaw et al., 2005). Alginate beads
have been extensively used for the encapsulation of
several cell types (Shoichet et al., 1996; Chandy et al.,
1999; Papas et al., 1999; Lu et al., 2000; Read et al.,
2001; Orive et al., 2003; Zimmermann et al., 2005).
The study in question (Keshaw et al., 2005) showed
that the encapsulated cells remained viable and secreted
significantly more VEGF compared with beads containing
no glass particles. This demonstrates that cells can be
encapsulated for delivery and with the appropriate stimuli
(here conferred by bioactive glass) can serve at the same
time as the delivery vehicles for growth factors. With
further optimization, this technique offers a novel delivery
device for stimulating therapeutic angiogenesis, the lack
of which in bone TE has been regarded a contributory
factor for implant failure (Keshaw et al., 2005).
Temporary encapsulation of cells in microparticles may
protect the cells from short-term environmental effects,
such as those associated with the delivery to the regen-
eration site. To overcome certain problems encountered
in cell therapy, particularly cell survival and lack of cell
differentiation and integration in the host tissue, Tatard
et al. (2005) developed pharmacologically active micro-
carriers (PAM). These biodegradable particles, made with
poly(D,L-lactic-coglycolic acid) (PLGA) and coated with
adhesionmolecules, may serve as a support for cell culture
and may be used as cell carriers, presenting a controlled
delivery of active protein (Tatard et al., 2005). They can
thus support the survival and differentiation of the trans-
ported cells as well as their microenvironment (Tatard
et al., 2005).
However, for bone applications, approaches that use
the materials in particulate form, not only to deliver and
temporarily protect the cells, seem to bemore adequate, as
they can also provide structural support while necessary.
Ceramic materials, such as hydroxyapatite particles (both
dense and microporous), have been evaluated both
in vitro and in vivo as carriers in an injectable tissue-
engineered bone filler (Fischer et al., 2003). After seeding
and culturing goat mesenchymal progenitor cells on the
different types of particles, several layers of cells and
ECM held the particles together in a 3D arrangement.
The subcutaneous implantation of the constructs (with
individual particle size of 212–300 µm) in nude mice
revealed abundant bone formation by 4 weeks (Fischer
et al., 2003).
An important issue in bone TE concerns the possibility
of limited tissue ingrowth in TE constructs because
of insufficient nutrient transport (Yu et al., 2004). To
overcome such limitations, Ducheyne and co-workers
(Qiu et al., 1998, 1999, 2000, 2001) envisioned a strategy
using the HARV bioreactor and microcarriers to engineer
constructs that could be used for bone TE purposes.
In a first approach, the authors used bioactive glass,
Cytodex-3 beads and rat stromal cells for assessing
the feasibility of culture using a HARV bioreactor (Qiu
et al., 1998). It was observed that 3D multicellular
aggregates consisting of multiple cell-covered Cytodex-3
microcarriers bridged together, as well as mineralization
taking place, and the expressions of alkaline phosphatase
activity, collagen type I, and osteopontin were shown (Qiu
et al., 1998). The authors further developed bioactive
ceramic hollow microspheres with an apparent density in
the range 0.81.0 g/cm3 as microcarriers for 3D bone
tissue formation in rotating-wall vessels (RWV). Cell
culture studies using rat bone marrow stromal cells and
osteosarcoma cells showed that the cells attached to and
formed 3D aggregates with the hollow microspheres in a
RWV. Extracellular matrix was observed in the aggregates
(Qiu et al., 1999). Similarly, polymer–glass–ceramic
composite microspheres, composed of modified bioactive
glass (MBG) powders in a polylactic acid (PLA) matrix,
were shown to possess adequate properties for bone TE
purposes (Qiu et al., 2000). Yu et al. (2004) have used a
similar approach, but mixing lighter-than-water (density
<1 g/ml) and heavier-than-water (density >1 g/ml)
microspheres of 85 : 15 poly(lactide-co-glycolide) and
constructing the scaffold prior to cell seeding by sintering
of the microspheres. When rat primary calvarial cells were
cultured on the scaffolds in bioreactors for 7 days, the 3D
dynamic flow environment affected bone cell distribution
and enhanced cell phenotypic expression and mineralized
matrix synthesis within the tissue-engineered constructs,
compared with static conditions (Yu et al., 2004). It has
been found that with the stress stimulation inside the
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fluid in the RWV, the active expression of ALP can be
increased and the formation of mineralized nodules can
be accelerated (Song et al., 2004). These studies show
that 3D fabrication of engineered bone seems an adequate
strategy.
3.3. Microparticle-based systems as scaffolds
and carriers for bioactive molecules
By far the major field of application of particle-based
systems (in both the micro- and the nano-range) is as
drug delivery systems, as described in detail in the first
part of this review (Silva et al., 2006). Their small size
but high surface area renders them attractive for a whole
range of applications, including bone TE.
In bone tissue regeneration, the use of conductive
scaffolds in combination with the delivery of bioactive
factors to direct cellular responses and subsequent
tissue formation is a very attractive strategy to enhance
regeneration (Nof and Shea, 2002), but parameters such
as instability and rapid clearance (short plasma half-life)
of these molecules after in vivo bolus delivery have led
to the need for advanced vehicles for localized release
(Baldwin and Saltzman, 1998; Li and Wozney, 2001;
Norton et al., 2005). The physicochemical properties
of many peptides and proteins make their entrapment
difficult, because inactivation is possible during their
incorporation (Couvreur and Puisieux, 1993). Stability,
solubility and sensitivity to light, heat, moisture and pH,
intermolecular interactions following co-precipitation or
gelling, and adsorption and interaction with excipients
are parameters that should be investigated in order to
succeed in producing a stable association of peptides with
particle-based systems (Couvreur and Puisieux, 1993).
While encapsulation of peptides and small molecules into
biodegradable microspheres can be achieved using several
techniques and with different polymers, the encapsulation
of proteins still poses major difficulties with respect
to obtaining ‘infusion-like’ or continuous-release profiles
with minimal initial burst and sufficient protein loading
within the microspheres (Kissel et al., 1996; Morlock
et al., 1998).
Drug delivery systems for bone applications have
been mainly focused on 3D porous scaffolds processed
by conventional techniques, which present additional
difficulties, due to the possibility of destroying the
bioactive agent. Some researchers have focused on the
incorporation of microparticles loaded with bioactive
agents into 3D scaffolds, in an attempt to protect the
bioactive agent and still maintain the 3D structure
of the scaffold, as described by Mikos and co-
workers, which have added poly(D,L-lactic-co-glycolic
acid)/poly(ethylene glycol) (PLGA/PEG) microparticles
loaded with the osteogenic peptide TP508 to a mixture
of poly(propylene fumarate) (PPF), poly(propylene
fumarate)–diacrylate (PPF–DA) and sodium chloride
(NaCl), for the fabrication of PPF composite scaffolds
that could allow for tissue ingrowth as well as for
the controlled release of TP508 when implanted in an
orthopaedic defect site (Hedberg et al., 2002). Other
authors have used a 3D chitosan scaffold, which was
combined with transforming TGFβ1-loaded chitosan
microspheres (Lee et al., 2004a).
However, the incorporation of bioactive agents into
µm-sized systems and using them simultaneously as
scaffolds and release systems seems an extremely
interesting alternative. Examples include the use of
dextran-derived materials, which possess hydrophilic
properties and the ability to control drug disso-
lution and permeability. Dextran–glycidylmethacrylate
(Dex–GMA)/poly(ethylene glycol) (PEG) microspheres
with entrapped recombinant human bone morphogenetic
protein-2 (rhBMP-2) showed full preservation of its bio-
logical activity. rhBMP-2 microspheres have good biolog-
ical effects on cultured periodontal ligament cells, and
could achieve a longer action time than concentrations
of rhBMP-2 solution. These properties make those micro-
spheres interesting osteoconductive BMP carriers, allow-
ing the amount of implanted factor required for tissue
regeneration to be decreased (Chen et al., 2005, 2006).
Similarly to BMPs, insulin-like growth factor I (IGF-I)
exerts an important role during skeletal growth and bone
formation. Therefore, its localized delivery appears attrac-
tive for the treatment of bone defects. To prolong IGF-I
delivery, this molecule was entrapped into biodegradable
poly(lactide-co-glycolide) microspheres and the system
evaluated in two defect models of ovine long bones, a
metaphyseal drill hole and a segmental tibia defect. New
bone formation was observed within 3 weeks in the drill
hole and bridging of the segmental defect within 8 weeks.
The authors showed that the IGF-I delivery system down-
regulated inflammatorymarker gene expression at the site
of bone injury, induced new bone formation and reduced
bone resorption (Meinel et al., 2001).
Other approaches try to combine further properties
within a single system, such as the one in which in situ
hardening composites are formed, based on an alginate
hydrogel matrix formulated with β-TCP granules and
poly(lactide-co-glycolide) microspheres loaded with the
osteoinductive growth factor insulin-like growth factor
I (IGF-I) (Lee et al., 2004b; Luginbuehl et al., 2005).
This approach combines release properties, structural
support and a ceramic material with osteoconductive
properties for enhanced bone regeneration. Materials
such as collagen–chitosan composite microgranules were
fabricated as bone substitutes for the purpose of obtaining
high bone-forming efficacy. The microgranules have
the flexibility to fill various types of defect sites with
closer packing. The interconnected pores formed spaces
between the microgranules, which allowed new bone
ingrowth and vascularization. In addition, TGFβ1 was
incorporated into the microgranules in order to improve
bone-healing efficacy. The TGFβ1-loaded microgranules
demonstrated a higher bone regenerative capacity in
rabbit calvarial defects after 4 weeks than the TGFβ1-
unloaded microgranules (Lee et al., 2006).
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4. Conclusions
Bone repair has been the subject of intensive research.
Approaches in clinical use aim to regain function, using
materials that replace the damaged tissue rather than
regenerating it. Currently, the approach of research
regarding bone TE is to induce regeneration rather than
just functional repair. Thus, TE can now be simply defined
as the ‘science of persuading the body to heal by its
intrinsic repair mechanisms’ (Agrawal and Ray, 2001).
The complexity of skeletal tissues has been hindering
the development of an effective regeneration system.
Nevertheless, huge steps are being taken regarding the
use of progenitor/stem cells, adequate scaffold materials
and growth factors/bioactive agents. The combination in
a single system of such properties – structural support,
cell support and controlled release – is the way to go, and
materials in the particulate form have all the potential
needed for achieving such a goal.
Acknowledgements
The Portuguese Foundation for Science and Technology (FCT) is
acknowledged for a PhD grant (SFRH/BD/4698/2001) to G.A.S.
This work was partially supported by FCT through funds from the
POCTI and/or FEDER programmes, the European Union-funded
STREP project Hippocrates (NNM-3-CT-2003-505758), and the
European NoE EXPERTISSUES (NMP3-CT-2004-500283).
References
Adachi K, Chole RA, et al. 1991; Indomethacin inhibition of middle-
ear bone resorption. Arch Otolaryngol Head Neck Surg 117(3):
267–269.
Agrawal CM, Ray RB. 2001; Biodegradable polymeric scaffolds for
musculoskeletal tissue engineering. J Biomed Mater Res 55:
141–150.
Almawi WY, Hess DA, et al. 1998; Multiplicity of glucocorticoid
action in inhibiting allograft rejection. Cell Transplant 7(6):
511–523.
Asahara T, Takahashi T, et al. 1999; VEGF contributes to
postnatal neovascularization by mobilizing bone marrow-derived
endothelial progenitor cells. EMBO J 18(14): 3964–3972.
Baldwin SP, Saltzman WM. 1998; Materials for protein delivery in
tissue engineering. Adv Drug Deliv Rev 33(1–2): 71–86.
Barnes PJ, Adcock I. 1993; Antiinflammatory actions of
steroids – molecular mechanisms. Trends Pharmacol Sci 14(12):
436–441.
Bertolini DR, Nedwin GE, et al. 1986; Stimulation of bone resorption
and inhibition of bone formation in vitro by human tumour
necrosis factors. Nature 319: 516–518.
Bi LX, Ji Y, et al. 2001; Thrombin peptide TP508 regulates BMP-2
and-7 expression by human osteoblasts. J Bone Miner Res 16:
S261.
Bockman RS, Repo MA, et al. 1987; Gallium nitrate inhibits bone
resorption induced by recombinant human tumour necrosis factor
(TNF). Proc Am Assoc Cancer Res 28: 449.
Borden M, Attawia M, et al. 2002a; Tissue engineered microsphere-
basedmatrices for bone repair: design and evaluation. Biomaterials
23(2): 551–559.
Borden M, Attawia MA, et al. 2002b; The sintered microsphere
matrix for bone tissue engineering: in vitro osteoconductivity
studies. J Biomed Mater Res 61: 421–429.
Borden M, El-Amin SF, et al. 2003; Structural and human cellular
assessment of a novel microsphere-based tissue engineered
scaffold for bone repair. Biomaterials 24(4): 597–609.
Botchwey EA, Pollack SR, et al. 2001; Bone tissue engineering in a
rotating bioreactor using a microcarrier matrix system. J Biomed
Mater Res 55: 243–253.
Brandi ML. 1993; New treatment strategies: ipriflavone, strontium,
vitamin D metabolites and analogues. Am J Med 95: 69S–74S.
Buckwalter JA, Glimcher MJ, et al. 1996; Bone biology. J Bone Joint
Surg 77: 1256–1289.
Canalis E. 1983; The hormonal and local regulation of bone
formation. Endocr Rev 4: 62–77.
Canalis E. 1987; Tumour necrosis factor is mitogenic for bone cells.
Clin Res 35(3): A621.
Canalis E, Varghese W, et al. 1992; Role of platelet derived growth
factor in bone cell regulation. Growth Regulat 2: 151–155.
Caplan A, Boyan B. 1994; Endochondral bone formation: the lineage
cascade in Bone, Vol. 8, Hall B (ed.). CRC Press: London; 1–46.
Centrella M, Horowitz MC, et al. 1994; Transforming growth factor
beta gene family members and bone. Endocr Rev 15(1): 27–39.
Centrella M, McCarthy TL, et al. 1989; Platelet-derived growth
factor enhances deoxyribonucleic acid and collagen synthesis
in osteoblast-enriched cultures from fetal rat parietal bone.
Endocrinology 125: 13–19.
Centrella M, McCarthy TL, et al. 1991; Relative binding and
biochemical effects of heterodimeric and homodimeric isoforms
of platelet-derived growth factor in osteoblast-enriched cultures
from fetal bone. J Cell Physiol 147: 420–426.
Chandy T, Mooradian DL, et al. 1999; Evaluation of modified
alginate-chitosan-polyethylene glycol microcapsules for cell
encapsulation. Artif Organs 23(10): 894–903.
Cheifetz S, Li IWS, et al. 1996; Influence of osteogenic protein-1
(OP-1;BMP-7) and transforming growth factor-beta 1 on bone
formation in vitro. Conn Tissue Res 35(1–4): 125–132.
Chen FM,Wu ZF, et al. 2006; Release of bioactive BMP fromdextran-
derived microspheres: a novel delivery concept. Int J Pharmaceut
307(1): 23–32.
Chen FM, Wu ZF, et al. 2005; Preparation and biological
characteristics of recombinant human bone morphogenetic
protein-2-loaded dextran-co-gelatin hydrogel microspheres;
in vitro and in vivo studies. Pharmacology 75(3): 133–144.
Chen TL, Shen WJ, et al. 2001; Human BMP-7/OP-1 induces the
growth and differentiation of adipocytes and osteoblasts in bone
marrow stromal cell cultures. J Cell Biochem 82(2): 187–199.
Chyun YS, Kream BE, et al. 1984; Cortisol decreases bone formation
by inhibiting periosteal cell proliferation. Endocrinology 114(2):
477–480.
Chyun YS, Raisz LG. 1982; Opposing effects of prostaglandin-E2
and cortisol on bone growth in organ culture. Clin Res 30(2):
A387–A387.
Chyun YS, Raisz LG. 1984; Stimulation of bone formation by
prostaglandin E2. Prostaglandins 27(1): 97–103.
Ciardelli G, Chiono V, et al. 2004; Innovative tissue engineering
structures through advanced manufacturing technologies. J Mater
Sci Mater Med 15(4): 305–310.
Civitelli R. 1997; In vitro and in vivo effects of ipriflavone on bone
formation and bone biomechanics. Calcif Tissue Int 61: S12–S14.
Couvreur P, Puisieux F. 1993; Nano- and microparticles for the
delivery of polypeptides and proteins. Adv Drug Deliv Rev 10:
141–162.
Davies JE. 2003; Understanding peri-implant endosseous healing. J
Dent Educ 67(8): 932–949.
Day RM, Boccaccini AR, et al. 2004; Assessment of polyglycolic acid
mesh and bioactive glass for soft-tissue engineering scaffolds.
Biomaterials 25: 5857–5866.
Degroot K. 1993; Clinical applications of calcium phosphate
biomaterials – a review. Ceramics Int 19(5): 363–366.
Devin JE, Attawia MA, et al. 1996; Three-dimensional degradable
porous polymer-ceramic matrices for use in bone repair. J Biomater
Sci 7: 661–669.
Dewhirst FE, Ago JM, et al. 1987; Interleukin-1 and prostaglandin
E2 are synergistic in stimulating bone resorption. J Dent Res 66:
122.
Drissi H, Pouliot A, et al. 2002; 1,25-(OH)2-Vitamin D3 suppresses
the bone-related Runx2/Cbfa1 gene promoter. Exp Cell Res 274:
323–333.
Ducheyne P, Qiu Q. 1999; Bioactive ceramics: the effect of surface
reactivity on bone formation and bone cell function. Biomaterials
20(23–24): 2287–2303.
Duneas N, Crooks J, et al. 1998; Transforming growth factor-beta 1:
induction of bone morphogenetic protein genes expression during
Copyright  2007 John Wiley & Sons, Ltd. J Tissue Eng Regen Med 2007; 1: 97–109.
DOI: 10.1002/term
Materials in particulate form for tissue engineering. 2. 107
endochondral bone formation in the baboon, and synergistic
interaction with osteogenic protein-1 (BMP-7). Growth Factors
15(4): 259.
Erlebacher A, Derynck R. 1996; Increased expression of TGFβ-2 in
osteoblasts results in an osteoporosis-like phenotype. J Cell Biol
132: 195–210.
Ezra A, Golomb G. 2000; Administration routes and delivery systems
of bisphosphonates for the treatment of bone resorption. Adv Drug
Deliv Rev 42: 175–195.
Fischer EM, Layrolle P, et al. 2003; Bone formation by
mesenchymal progenitor cells cultured on dense and microporous
hydroxyapatite particles. Tissue Eng 9(6): 1179–1188.
Fuiji H, Kitazawa R, et al. 1999; Expression of platelet-derived
growth factor proteins and their receptor alpha and beta mRNAs
during fracture healing in the normal mouse. Histochem Cell Biol
112: 131–138.
Gerber HP, Vu TH, et al. 1999; VEGF couples hypertrophic cartilage
remodelling, ossification and angiogenesis during endochondral
bone formation. Nat Med 5(6): 623–628.
Goad DL, Rubin J, et al. 1996; Enhanced expression of vascular
endothelial growth factor in human SaOS-2 osteoblast-like cells
and murine osteoblasts induced by insulin-like growth factor I.
Endocrinology 137(6): 2262–2268.
Gowen M, Russell RGG, et al. 1985a; Studies on the control of IL-1-
stimulated bone resorption. Journal Leukoc Biol 37(6): 708.
Gowen M, Wood DD, et al. 1985b; Studies on the actions of
interleukin-1 on bone metabolism – IL-1 stimulation of bone cell
proliferation, and inhibition of IL-1-induced bone resorption by
interferon-gamma. Br J Rheumatol 24: 147–149.
Gross KA, Rodriguez-Lorenzo LM. 2004; Biodegradable composite
scaffolds with an interconnected spherical network for bone tissue
engineering. Biomaterials 25(20): 4955–4962.
Hauschka PV. 1990; Growth factor effect in bone. In Bone, vol 1,
Hall BK (ed.). Telford: Caldwell, NJ.
Hedberg EL, Tang A, et al. 2002; Controlled release of an osteogenic
peptide from injectable biodegradable polymeric composites. J
Control Release 84(3): 137–150.
Heersche JNM, Aubin JE. 1990; Regulation of cellular activity of
bone-forming cells. In Bone, vol 1, Hall BK (ed.). Telford: Caldwell,
NJ.
Hench LL. 1998; Bioceramics. J Am Ceram Soc 81(7): 1705–1728.
Hock JM, Canalis E. 1994; Platelet-derived growth factor enhances
bone cell replication but not differentiated function of osteoblasts.
Endocrinology 134: 1423–1428.
Hoffmann O, Klaushofer K, et al. 1987; Etaf and recombinant murine
IL-1 induced bone resorption is blocked by R-γ IFN. Lymphokine
Res 6(1): U97.
Hoshino T, Muranishi H, et al. 2000; Enhancement of fracture repair
in rats with streptozotocin-induced diabetes by a single injection
of biodegradable microcapsules containing a bone formation
stimulant, TAK-778. J Biomed Mater Res 51: 299–306.
Hsieh S, Graves D. 1998; Pulse application of platelet-derived
growth factor enhances formation of a mineralizing matrix
while continuous application is inhibitory. J Cell Biochem 69(2):
169–180.
Hugues DE, Dai A, et al. 1996; Oestrogen promotes apoptosis of
murine osteclasts mediated by TGFβ. Nat Med 2(2): 1132–1136.
Imai Y, Terai H, et al. 2005; Hepatocyte growth factor contributes to
fracture repair by upregulating the expression of BMP receptors. J
Bone Miner Res 20(10): 1723–1730.
Inzerillo AM, Zaidi M, et al. 2002; Calcitonin: the other thyroid
hormone. Thyroid 12(9): 791–798.
Ishimi Y, Miyaura C, et al. 1990; IL-6 is produced by osteoblasts and
induces bone resorption. J Immunol 145(10): 3297–3303.
Iwase M, Kim KJ, et al. 2002; A novel bisphosphonate inhibits
inflammatory bone resorption in a rat osteolysis model with
continuous infusion of polyethylene particles. J Orthopaed Res
20: 499–505.
Jain AK, Panchagnula R. 2000; Skeletal drug delivery systems. Int J
Pharmaceut 206(1–2): 1–12.
Jun Yao, Radin S, Reilly G, et al. 2005; Solution-mediated effect
of bioactive glass in poly(lactic-co-glycolic acid)-bioactive glass
composites on osteogenesis of marrow stromal cells. J Biomed
Mater Res A 75A(4): 794–801.
Kahai S, Vary CPH, et al. 2004; Collagen, type V, α1 (COL5A1) is
regulated by TGFβ in osteblasts. Matrix Biol 23: 445–455.
Kaye AM, Kim TY, et al. 1997; Anabolic effects of Oestrogen and
parathyroid hormone on skeletal tissues: the use of creatine
kinase B activity as a response marker. Arch Gerontol Geriatr
24: 197–209.
Keshaw H, Forbes A, et al. 2005; Release of angiogenic growth
factors from cells encapsulated in alginate beads with bioactive
glass. Biomaterials 26(19): 4171–4179.
Kim HD, Valentini RF. 1997; Human osteoblast response in vitro to
platelet-derived growth factor and transforming growth factor-β
delivered from controlled-release polymer rods. Biomaterials 18:
1175–1184.
Kissel T, Li YX, et al. 1996; Parenteral protein delivery systems
using biodegradable ABA block copolymers. J Contr Release 39:
315–326.
Klein C, Degroot K, et al. 1994; Osseous substance formation induced
in porous calcium phosphate ceramics in soft tissues. Biomaterials
15(1): 31–34.
Kumar R. 2001; Glucocorticoid-induced osteoporosis. Curr Opin
Nephrol Hypertens 10(5): 589–595.
Ladizesky MG, Cutrera RA, et al. 2001; Effect of melatonin on bone
metabolism in ovariectomized rats. Dependence with estradiol
serum levels. J Bone Miner Res 16: S293–S293.
Le Nihouannen D, Le Guehennec L, et al. 2006; Micro-architecture
of calcium phosphate granules and fibrin glue composites for bone
tissue engineering. Biomaterials 27(13): 2716–2722.
Lee JE, Kim SE, et al. 2004a; Effects of a chitosan scaffold
containing TGFβ1-encapsulated chitosan microspheres on in vitro
chondrocyte culture. Artif Organs 28(9): 829–839.
Lee JY, Seol YJ, et al. 2004b; Transforming growth factor (TGF)-β1
releasing tricalcium phosphate/chitosan microgranules as bone
substitutes. Pharmaceut Res 21(10): 1790–1796.
Lee JY, Kim KH, et al. 2006; Enhanced bone formation
by transforming growth factor-β1-releasing collagen/chitosan
microgranules. J Biomed Mater Res A 76A(3): 530–539.
Lee Y-H, Sinko PJ. 2000; Oral delivery of salmon calcitonin. Adv
Drug Deliv Rev 42: 225–238.
Li G, Ryaby JT, et al. 2003; Bone formation during distraction
osteogenesis is enhanced by thrombin peptide (TP508). J Bone
Miner Res 18: S106–S106.
Li RH, Wozney JM. 2001; Delivering on the promise of bone
morphogenetic proteins. Trends Biotechnol 19(7): 255–265.
Li TF, O’Keefe RJ, et al. 2005; TGFβ signalling in chondrocytes.
Frontiers Biosci 10: 681–688.
Lockin RM, Oreffo ROC, et al. 1999; Effects of TGFβ on the
differentiation of human bone marrow stromal fibroblasts. Cell
Biol Int 23(3): 185–194.
Lu MZ, Lan HL, et al. 2000; Cell encapsulation with alginate and
α-phenoxycinnamylidene-acetylated poly(allylamine). Biotechnol
Bioeng 70(5): 479–483.
Luginbuehl V, Meinel L, et al. 2004; Localized delivery of growth
factors for bone repair. Eur J Pharmaceut Biopharmaceut 58(2):
197–208.
Luginbuehl V, Wenk E, et al. 2005; Insulin-like growth factor
I-releasing alginate-tricalciumphosphate composites for bone
regeneration. Pharmaceut Res 22(6): 940–950.
Maniatopoulos C, Sodek J, et al. 1988; Bone formation in vitro by
stromal cells obtained from bone marrow of young adult rats. Cell
Tissue Res 254(2): 317–330.
Marcelli C, Yates AJP, et al. 1990; In vivo effects of human
recombinant transforming growth factor β on bone turnover in
normal mice. J Bone Miner Res 5: 1087–1096.
Martins AM, Malafaya PB, et al. 2004a; Natural origin scaffolds
with in situ gradual pore forming ability: development and
characterization. 7th World Biomaterials Congress, Sidney,
Australia.
Martins AM, Santos MI, et al. 2004b; Chitosan/starch scaffolds
with in situ pore forming capability for tissue engineering
applications. 7th Annual Meeting of the Tissue Engineering Society
International and European Tissue Engineering Society, Lausanne,
Switzerland.
McCarthy T, Centrella M, et al. 1990; Cortisol inhibits the synthesis
of insulin-like growth factor-I in skeletal cells. Endocrinology 126:
1569–1575.
McCarthy TL, Ji CH, et al. 2000; Links among growth factors,
hormones, and nuclear factors with essential roles in bone
formation. Crit Rev Oral Biol Med 11(4): 409–422.
Meese TM, Hu YH, et al. 2002; Surface studies of coated polymer
microspheres and protein release from tissue-engineered scaffolds.
J Biomater Sci 13(2): 141–151.
Copyright  2007 John Wiley & Sons, Ltd. J Tissue Eng Regen Med 2007; 1: 97–109.
DOI: 10.1002/term
108 G. A. Silva et al.
Meinel L, Illi OE, et al. 2001; Stabilizing insulin-like growth factor
I in poly(lactide-co-glycolide) microspheres. J Contr Release
70(1–2): 193–202.
Migliaccio G, Migliaccio AR, et al. 1991; In vitro differentiation and
proliferation of human haematopoietic progenitors – the effects
of interleukin-1 and interleukin-6 are indirectly mediated by
production of granulocyte–macrophage colony-stimulating factor
and interleukin-3. Exp Hematol 19(1): 3–10.
Mohan S, Kutilek S, et al. 2000; Comparison of bone formation
responses to parathyroid hormone (1–34), (1–31) and (2–34)
in mice. Bone 27(4): 471–478.
Mohle R,Moore MAS, et al. 1996; Vascular endothelial growth factor
(VEGF) is secreted by megakaryocytes, enhances their adhesion
to endothelium, and supports maintenance of bone marrow
microvascular endothelium. Blood 88(10): 736.
Morley P, Whitfield JF, et al. 1997; Anabolic effects of parathyroid
hormone on bone. Trends Endocrinol Metab 8: 225–231.
Morlock M, Kissel T, et al. 1998; Erythropoietin loaded microspheres
prepared from biodegradable LPLG–PEO–LPLG triblock
copolymers: protein stabilization and in vitro release properties. J
Contr Release 56(1–3): 105–115.
Mundy GR. 2000; Pathogenesis of osteoporosis and challenges for
drug delivery. Adv Drug Deliv Rev 42(3): 165–173.
Mundy GR, Rodan SB, et al. 1982; Unidirectional migration of
osteosarcoma cells with osteoblast characteristics in response to
products of bone resorption. Calcif Tissue Int 34: 542.
Mushipe MT, Revell PA, et al. 2002; Cancellous bone repair using
bovine trabecular bone matrix particulates. Biomaterials 23:
365–370.
Nakamura T, Kukita T, et al. 2005; Inhibition of histone deacetylase
suppresses osteoclastogenesis and bone destruction by inducing
IFN-β production. J Immunol 175(9): 5809–5816.
Ng B, Heersche JNM. 1978; Importance of cortisol in maintaining
parathyroid hormone responsiveness of bone in vitro. J Dent Res
57: 176.
Nof M, Shea LD. 2002; Drug-releasing scaffolds fabricated from
drug-loaded microspheres. J Biomed Mater Res 59(2): 349–356.
Norton LW, Tegnell E, et al. 2005; In vitro characterization of
vascular endothelial growth factor and dexamethasone releasing
hydrogels for implantable probe coatings. Biomaterials 26:
3285–3297.
Orive G, Hernandez RM, et al. 2003; Survival of different cell lines
in alginate-agarose microcapsules. Eur J Pharmaceut Sci 18(1):
23–30.
Overgaard K, Christiansen C. 1991; Long-term treatment of
established osteoporosis with intranasal calcitonin. Calcif Tissue
Int 49: S60–S63.
Ozkaynak E, Rueger DC, et al. 1990; OP-1 cDNA encodes an
osteogenic protein in the TGFβ family. EMBO J 9: 2085–2093.
Papas KK, Long RC, et al. 1999; Development of a bioartificial
pancreas: I. Long-term propagation and basal and induced
secretion from entrapped βTC3 cell cultures. Biotechnol Bioeng
66(4): 219–230.
Paralkar VM, Grasser WA, et al. 2002; Regulation of BMP-7
expression by retinoic acid and prostaglandin E-2. J Cell Physiol
190(2): 207–217.
Park YJ, Lee YM, et al. 2000; Controlled release of platelet-derived
growth factor-BB from chondroitin sulphate–chitosan sponge for
guided bone regeneration. J Contr Release 67: 385–394.
Patton JS. 2000; Pulmonary delivery of drugs for bone disorders.
Adv Drug Deliv Rev 42(3): 239–248.
Paul W, Sharma CP. 1999; Development of porous spherical
hydroxyapatite granules: application towards protein delivery.
J Mater Sci Mater Med 10(7): 383–388.
Perugini P, Genta I, et al. 2003; PLGA microspheres for oral
osteopenia treatment: preliminary in vitro/in vivo evaluation. Int
J Pharmaceut 256(1–2): 153–160.
Pitaru S, Kotev-Emeth S, et al. 1993; Effect of basic fibroblast growth
factor on the growth and differentiation of adult stromal bone
marrow cells: enhanced development of mineralized bone-like
tissue in culture. J Bone Miner Res 8: 919–929.
Qiu Q, Ducheyne P, et al. 1998; Formation and differentiation of
three-dimensional rat marrow stromal cell culture onmicrocarriers
in a rotating wall vessel. Tissue Eng 4(1): 19–34.
Qiu QQ, Ducheyne P, et al. 1999; Fabrication, characterization
and evaluation of bioceramic hollow microspheres used as
microcarriers for 3D bone tissue formation in rotating bioreactors.
Biomaterials 20(11): 989–1001.
Qiu QQ, Ducheyne P, et al. 2000; New bioactive, degradable
composite microspheres as tissue engineering substrates. J Biomed
Mater Res 52(1): 66–76.
Qiu QQ, Ducheyne P, et al. 2001; 3D Bone tissue engineered with
bioactive microspheres in simulated microgravity. In Vitro Cell Dev
Biol Anim 37(3): 157–165.
Radin S, Ducheyne P, et al. 1997; The effect of in vitro modelling
conditions on the surface reactions of bioactive glass. J Biomed
Mater Res 37(3): 363–375.
Ranucci C, Moghe PV. 1999; Polymer substrate topography regulates
the multicellular organization and liver-specific functions of
cultured hepatocytes. Tissue Eng 5: 407–420.
Rattanakul C, Lenbury Y, et al. 2003; Modelling of bone formation
and resorption mediated by parathyroid hormone: response to
Oestrogen/PTH therapy. Biosystems 70(1): 55–72.
Read TA, Farhadi M, et al. 2001; Intravital microscopy reveals novel
antivascular and antitumour effects of endostatin delivered locally
by alginate-encapsulated cells. Cancer Res 61(18): 6830–6837.
Reddi AH. 2001; Bone morphogenetic proteins: from basic science
to clinical applictions. J Bone Joint Surg 83A(S1): S1–S6.
Ripamonti U. 1991; The morphogenesis of bone in replicas of porous
hydroxyapatite obtained from conversion of calcium-carbonate
exoskeletons of coral. Journal Bone Joint Surg 73A(5): 692–703.
Ripamonti U. 1996; Osteoinduction in porous hydroxyapatite
implanted in heterotopic sites of different animal models.
Biomaterials 17(1): 31–35.
Ripamonti U, Duneas N, et al. 1997; Recombinant transforming
growth factor-β1 induces endochondral bone in the baboon
and synergizes with recombinant osteogenic protein-1 (bone
morphogenetic protein-7) to initiate rapid bone formation. J Bone
Miner Res 12(10): 1584–1595.
Roberts WE, Hartsfield JK Jr. 2004; Bone development and function:
genetic and environmental mechanisms. Semin Orthodont 10(2):
100–122.
Roberts WE, Huja S, et al. 2004; Bone modelling: biomechanics,
molecular mechanisms and clinical perspectives. Semin Orthodont
10(2): 123–161.
Rodr´ıguez-Lorenzo LM, Ferreira JMF. 2004; Developement of
porous ceramic bodies for applications in tissue engineering and
drug delivery systems. Mater Res Bull 39: 83–91.
Roschger P, Rinnerthaler S, et al. 2001; Alendronate increases
degree and uniformity of mineralization in cancellous bone and
decreases the porosity in cortical bone of osteoporotic women.
Bone 29(2): 185–191.
Roth JA, Kim BG, et al. 1999; Melatonin promotes osteblast
differentiation and bone formation. J Biol Chem 274:
22041–22047.
Rydziel S, Shaikh S, et al. 1994; Platelet-derived growth factor-AA
and -BB (PDGF-AA and -BB) enhance the synthesis of PDGF-AA in
bone cell cultures. Endocrinology 134: 2441–2446.
Radin S, Reilly G, Bhargave G, et al. 2005; Osteogenic effects of
bioactive glass on bone marrow stromal cells. J Biomed Mater Res
A 73A(1): 21–29.
Saklatvala J. 2002; Glucocorticoids: do we know how they work?
Arthrit Res 4(3): 146–150.
Sari A, Yavuzer R, et al. 2003; Hard tissue augmentation of the
mandibular region with hydroxyapatite granules. J Craniofac Surg
14(6): 919–923.
Savarino L, Benetti D, et al. 2005; A preliminary in vitro and in vivo
study of the effects of new anthraquinones on neutrophils and
bone remodelling. J Biomed Mater Res A 75A(2): 324–332.
Schepers E, Declercq M, et al. 1991; Bioactive glass particulate
material as a filler for bone lesions. J Oral Rehab 18(5): 439–452.
Schepers E, Ducheyne P. 1997; Bioactive glass granules of narrow
size range for the treatment of oral boney defects: a 24 month
animal experiment. J Oral Rehab 24: 171–181.
Schepers EJG, Ducheyne P, et al. 1993; Bioactive glass particles of
limited size range: a new material for the repair of bone defects.
Impl Dent 2: 151–156.
Schlessinger J. 1993; How receptor tyrosine kinases activate ras.
Trends Biochem Sci 18(8): 273–275.
Schliephake H. 2002; Bone growth factors in maxillofacial skeletal
reconstruction. Int J Oral Maxillofac Surg 31(5): 469.
Schmidmaier G, Wildemann B, et al. 2003; Synergistic effect of IGF-
I and TGFβ1 on fracture healing in rats – single vs. combined
application of IGF-I and TGFβ1. Acta Orthop Scand 74(5):
604–610.
Schneider A, Taboas JM, et al. 2003; Skeletal homeostasis in tissue-
engineered bone. J Orthop Res 21: 859–864.
Copyright  2007 John Wiley & Sons, Ltd. J Tissue Eng Regen Med 2007; 1: 97–109.
DOI: 10.1002/term
Materials in particulate form for tissue engineering. 2. 109
Sheller MR, Crowther RS, et al. 2004; Repair of rabbit segmental
defects with the thrombin peptide, TP508. J Orthop Res 22(5):
1094.
Shikinami Y, Okuno M. 1999; Bioresorbable devices made of forged
composites of hydroxyapatite (HA) particles and poly-L-lactide
(PLLA). Part I: basic characteristics. Biomaterials 20(9): 859–877.
Shoichet MS, Li RH, et al. 1996; Stability of hydrogels used in cell
encapsulation: an in vitro comparison of alginate and agarose.
Biotechnol Bioeng 50(4): 374–381.
Sikavitsas VI, Temenoff JS, et al. 2001; Biomaterials and bone
mechanotransduction. Biomaterials 22: 2581–2593.
Silva GA, Costa FJ, et al. 2005; Entrapment ability and release profile
of corticosteroids from starch-based particles. J Biomed Mater Res
73A(2): 234–243.
Silva GA, Ducheyne P, et al. 2006; Materials in particulate form for
tissue engineering. Part 1. Basic concepts. Curr Opin Solid State
Mater Sci (in press).
Simmons DJ, Grynpas MD. 1990; Mechanisms of bone formation
in vivo. In Bone, vol 1, Hall BK (ed.). Telford: Caldwell, NJ.
Simon CG, Khatri CA, et al. 2002; Preliminary report on the
biocompatibility of a moldable, resorbable, composite bone graft
consisting of calcium phosphate cement and poly(lactide-co-
glycolide) microspheres. J Orthop Res 20(3): 473–482.
Song KD, Liu TQ, et al. 2004; Three-dimensional fabrication of
engineered bone in rotating wall vessel bioreactor. Progr Biochem
Biophys 31(11): 996–1005.
Stashenko P, Dewhirst FE, et al. 1987; Synergistic interactions
between interleukin-1, tumour necrosis factor, and lymphotoxin
in bone resorption. J Immunol 138(5): 1464–1468.
Stewart AF. 1996; PTHrP (1–36) as a skeletal anabolic agent for the
treatment of osteoporosis. Bone 19(4): 303–306.
Street J, Bao M, et al. 2002; Vascular endothelial growth factor
stimulates bone repair by promoting angiogenesis and bone
turnover. Proc Natl Acad Sci USA 99(15): 9656–9661.
Tam CS, Harrison JE, et al. 1979; Protective effect of vitamin-D2 on
bone from the inhibitory action of cortisol on bone apposition in
rats. Calc Tissue Int 28(2): 151.
Tatard VM, Venier-Julienne MC, et al. 2005; Pharmacologically
active microcarriers: a tool for cell therapy. Biomaterials 26:
3727–3737.
Tenembaum HC. 1990; Cellular origins and theories of
differentiation of bone-forming cells. In Bone, vol 1, Hall BK (ed.).
Telford: Caldwell, NJ.
Urist MR. 1965; Bone – formation by autoinduction. Science
150(3698): 893–900.
Urist MR. 1997; Bone morphogenetic protein: the molecularization
of skeletal system development. J Bone Miner Res 12(3): 343–346.
Urist MR, Mikulski A, et al. 1979; Solubilized and insolubilized bone
morphogenetic protein. Proc Natl Acad Sci USA 76: 1828–1832.
Vu TH, Werb Z. 1998; Angiogenesis during endochondral bone
formation is regulated by vascular endothelial growth factor
(VEGF). Mol Biol Cell 9: 174A.
Wada Y, Kataoka H, et al. 1998; Changes in osteoblast phenotype
during differentiation of enzymatically isolated rat calvaria cells.
Bone 22(5): 479–485.
Wang EA, Rosen V, et al. 1990; Recombinant human bone
morphogenetic protein induces bone formation. Proc Natl Acad
Sci USA 87: 2220–2224.
Wang H, Convery J, et al. 2001; Effect of TP508, a synthetic thrombin
peptide, on growth factor expression during femoral fracture
healing. J Bone Miner Res 16: S252.
Wang H, Schwartz M, et al. 2002; TP508, a synthetic thrombin
peptide, activates angiogenesis-related genes during femoral
fracture healing. Bone 30(3): 33S.
Watson PH, Fraher LJ, et al. 1998; Enhanced osteoblast development
after continuous infusion of hPTH(1–84) in the rat. Bone 24(2):
89–94.
Wozney JM, Rosen V, Bone Morphogenetic Protein and Bone
Morphogenetic Protein Gene Family in Bone Formation and
Repair, Clinical Orthopaedics & Related Research. 346: 26–37
1998.
Yao J, Radin S, et al. 2005; The effect of bioactive glass content
on synthesis and bioactivity of composite poly (lactic-co-glycolic
acid)/bioactive glass substrate for tissue engineering. Biomaterials
26(14): 1935–1943.
Yaszemski MJ, Payne RG, et al. 1996; Evolution of bone
transplantation: molecular, cellular and tissue strategies to
engineer human bone. Biomaterials 17(2): 175–185.
Yeh LCC, Adamo ML, et al. 1997; Osteogenic protein-1 and insulin-
like growth factor I synergistically stimulate rat osteoblastic
cell differentiation and proliferation. Endocrinology 138(10):
4181–4190.
Yoon BS, Lyons KM. 2004; Multiple functions of BMPs in
chondrogenesis. J Cell Biochem 93: 93–103.
Yu XJ, Botchwey EA, et al. 2004; Bioreactor-based bone tissue
engineering: the influence of dynamic flow on osteoblast
phenotypic expression and matrix mineralization. Proc Natl Acad
Sci USA 101(31): 11203–11208.
Yuan HP, de Bruijn JD, et al. 2001; Bone induction by porous glass
ceramicmade fromBioglass (R) (45S5). J BiomedMater Res 58(3):
270–276.
Zeltinger J, Sherwood JK, et al. 2001; Effect of pore size and void
fraction on cellular adhesion, proliferation and matrix deposition.
Tissue Eng 7(5): 557–572.
Zerbo IR, Bronckers ALJJ, et al. 2005; Localisation of osteogenic and
osteoclastic cells in porous β-tricalcium phosphate particles used
for human maxillary sinus floor elevation. Biomaterials 26(12):
1445–1451.
Zimmermann H, Zimmermann D, et al. 2005; Towards a medically
approved technology for alginate-based microcapsules allowing
long-term immuno-isolated transplantation. J Mater Sci Mater
Med 16(6): 491–501.
Copyright  2007 John Wiley & Sons, Ltd. J Tissue Eng Regen Med 2007; 1: 97–109.
DOI: 10.1002/term
